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1. Introduction {#sec1}
===============

Passenger cars in Europe have become both heavier and more powerful over the past decades ([@bib15]; [@bib12]; [@bib27]; [@bib43]). This trend mirrors developments in many world regions (e.g., [@bib37]; [@bib52]) and suggests that consumers trade off fuel efficiency for cabin space, driving performance, and other vehicle attributes ([@bib39]). If so, fuel-saving technologies ([@bib38]; [@bib43]; [@bib63]), may in practice enable larger vehicles, rather than decrease the actual fuel consumption and carbon dioxide (CO~2~) emissions of passenger cars. In fact, the booming SUV market ([@bib43]) exemplifies a trend where improved powertrain efficiency decreases the implicit costs of vehicle operation, which then allows consumers to drive ever larger and more powerful vehicles.

Efficiency trade-offs present both a challenge and an opportunity for climate policy. On one hand, they suggest improvements in powertrain efficiency do not yield, under the present conditions, an adequate decrease in CO~2~ emissions. On the other hand, efficiency trade-offs suggest that there is low-cost potential for decreasing the CO~2~ emissions of passenger cars, which could deliver part of the 30% cut in greenhouse gas emissions between 2005 and 2030 envisaged for sectors like transport that are outside of the EU emissions trading scheme ([@bib1a]).

Efficiency trade-offs related to the mass and power of passenger cars were analyzed a decade ago by [@bib12] for the UK and by [@bib7] for the USA. Covering the period between 1980 and 2006, also [@bib37] documented efficiency trade-offs in passenger cars and light trucks sold in the USA. He observed that engine efficiency had increased by 60% while fuel economy decreased only by 15%; the remainder was offset by an increasing mass, power, and torque of vehicles. In the European Union, analyses of panel data had linked CO~2~ emissions with other vehicle attributes, including mass and engine power ([@bib42]; [@bib45]; [@bib40]; [@bib61]; [@bib53]). Yet, there is still a lack of analysis addressing efficiency trade-offs over longer time periods across model generations.

Here, we quantify such trade-offs in the three best-selling compact car models on the German market, i.e., Volkswagen Golf, Opel Astra, and Ford Focus. We base our analysis on the actual on-road fuel consumption and CO~2~ emissions of model variants and hypothesize that:(i)increasing vehicle mass and power has absorbed a considerable part of technical efficiency improvements in the past decades;(ii)efficiency trade-offs provide large potentials for climate policy to mitigate the CO~2~ emissions of compact cars.

We verify the identified efficiency trade-offs in a sensitivity analysis with data for 700 passenger cars as collected by [@bib28]. Together, the two analyses provide a first step towards a better understanding of efficiency trade-offs in the European passenger car fleet. The results can provide rationale for advancing the post-2020 climate and transport policy of the European Union.

2. Methods {#sec2}
==========

2.1. General aspects {#sec2.1}
--------------------

This article analyzes model variants of Volkswagen Golf, Opel Astra, and Ford Focus, and in case of the latter two, their predecessors Opel Kadett and Ford Escort. Together, the three compact cars account for 10% of the German passenger car market ([@bib5]; [@bib32]; [@bib56]; see [Box 1](#appsec1){ref-type="sec"} in the Supplementary Material). The analysis covers the period from market introduction of the first model generation up to the point of writing ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Chronology of model generations; data source: [@bib60].Fig. 1

2.2. Data collection {#sec2.2}
--------------------

We identify all generations and the respective variants of the three compact car models ([Fig. 1](#fig1){ref-type="fig"}) offered in Germany based on [@bib6]. Model variants are characterized by a unique manufacturer key and type key and by the following attributes: (i) make, (ii) model, (iii) year of market introduction, (iv) rated engine power \[kW\], (v) fuel type \[gasoline, diesel\], and (vi) type of transmission \[manual, automatic\]. Information about these attributes is obtained from [@bib6], the webpages of car manufacturers, and [@bib60]. Information about vehicle mass \[kg\] as well as width and height \[mm\] is collected for one typical variant of each model generation from [@bib35],[@bib36], [@bib46], [@bib60], and the webpages of the three car manufacturers.

Unlike [@bib37], it is not possible to approximate the actual on-road fuel consumption \[l/100 km\] of model variants by the certified fuel consumption because there is a large discrepancy between both parameters in Europe ([@bib53]). Therefore, we collect information about the actual fuel consumption from [@bib49] that, however, does not cover all model variants offered on the market. Data are specifically scarce for variants sold before 1990 (see [Box 2](#appsec1){ref-type="sec"} in the Supplementary Material).

[@bib49] provides fuel consumption data for 1645 model variants that together comprise 75% of the 2218 model variants identified for the three compact cars. In subsequent data processing, we exclude all variants for which fuel consumption data refer to liquid-petroleum gas and compressed natural gas. The resulting data sample includes 1289 model variants running on gasoline or diesel.

We conduct a sensitivity analysis with data collected by [@bib28], comprising information on: (i) make, (ii) model, (iii) year of market introduction, (iv) mass, (v) power, (vi) fuel type, and (v) on-road fuel consumption - but excluding front area. The sensitivity analysis covers around 700 variants of 14 models (4 small cars, 6 compact cars, and 4 midsize sedans) of 8 manufacturers sold in Germany between 1989 and 2017 (see [Box 3](#appsec1){ref-type="sec"} in the Supplementary Material) and provides a snapshot of trends in the attributes of popular passenger cars in Germany.

For both data sets, we calculate the distance-specific CO~2~ emissions \[g/km\] by multiplying fuel consumption with an emissions factor of 2.33 kg CO~2~/l for gasoline and 2.64 g CO~2~/l for diesel ([@bib50]). The data are then used to quantify efficiency trade-offs and related CO~2~ emissions as explained next.

2.3. Data analysis {#sec2.3}
------------------

### 2.3.1. Vehicle attributes and regression analysis {#sec2.3.1}

We begin with a time-series analysis of vehicle mass *M*~*it*~, power *P*~*it*~, front area *H*~*it*~, fuel consumption *F*~*it*~, and CO~2~ emissions *E*~*it*~. The front area of model variants is calculated as the product of vehicle height and width and serves as a proxy for air resistance. We then apply a simple linear regression model to quantify efficiency trade-offs, that is, to test how the trend towards heavier, larger, and more powerful vehicles affects the fuel consumption of three compact car modes. In a first set of analyses, we model the effect of mass, power, and front area on fuel consumption in separate bivariate linear relationships as:$$F_{it,1} = \alpha_{1} + \beta_{1}M_{it} + \varepsilon_{it,1}$$$$F_{it,2} = \alpha_{2} + \beta_{2}P_{it} + \varepsilon_{it,2}$$$$F_{it,3} = \alpha_{3} + \beta_{3}H_{it} + \varepsilon_{it,3}$$where *β*~*1-3*~ represents the regression coefficient in each analysis 1-3, *ɛ*~*it*~ denotes the unexplained residuals, and the indices *i* and *t* stand for the respective model variant and year. The three regression models are applied separately to gasoline and diesel cars. The effect of mass, power, and front area on the CO~2~ emissions *E*~*it,1-3*~ is determined analogously.

The regression models in Equations [(1)](#fd1){ref-type="disp-formula"}, [(2)](#fd2){ref-type="disp-formula"}, [(3)](#fd3){ref-type="disp-formula"} only consider the effect of the three vehicle attributes on fuel consumption in isolation and neglect other, relevant, attributes such as powertrain efficiency (see, e.g., [@bib40]; [@bib61]). As accurate data on the latter parameter are unavailable, we approximate efficiency by incorporating the variable year *Y*~*i*~ in which a given model variant was introduced to the market.

Following the approaches of [@bib42], [@bib45], and [@bib53], we then express in separate multiple regression analyses the distance-specific fuel consumption *F*~*it*~ of gasoline and diesel car as a linear function of vehicle mass, power, front area, and year of market introduction as:$$F_{it,4} = \alpha_{4} + \beta_{4}M_{it} + \beta_{5}P_{it} + \beta_{6}H_{it} + \ \beta_{7}Y_{i} + \varepsilon_{it,4}$$

As above, the effect of vehicle attributes on CO~2~ emissions *E*~*it,4*~ is determined analogously. We conduct the regression analysis with R ([@bib48]). The sensitivity analysis omits front area because information about this parameter was not available in [@bib28].

A preliminary screening of residual plots reveals heteroscedasticity, which could introduce a bias into the calculated regression errors. To minimize the effect, we follow [@bib53] and estimate heteroscedasticity-robust standard errors for all regression coefficients by applying the '*estimatr*' package ([@bib9]) in R ([@bib48]).

2.4. Quantifying efficiency trade-offs and related CO~2~ emissions {#sec2.4}
------------------------------------------------------------------

To quantify efficiency trade-offs, we determine the average mass, power, and front area of model variants in each year between 1980 and 2030 by regressing these parameters individually against time. Projections until 2030 assume that past trends persist in the future. The estimated parameter values and their errors are then incorporated - together with the regression coefficients as determined in the previous section - into Equation [(4)](#fd4){ref-type="disp-formula"} to estimate fuel consumption and CO~2~ emissions of the average compact car in each year. Also this analysis is conducted separately for diesel and gasoline models. We consider three scenarios:•The historic trend in mass, power, and front area of models persists until 2030.•The mass, power, and front area of models remains constant at 1980 level until 2030.•The historic trend in mass, power, and front area persists until 2018 and then remains constant until 2030.

The difference in fuel consumption Δ*F*~*it*~ \[l/100 km\] and CO~2~ emissions Δ*E*~*it*~ \[g CO~2~/km\] between Scenario 1 and Scenarios 2 and 3 are indicative of the efficiency trade-off in the three compact cars. Scenario 2 emphasizes past efficiency trade-offs; Scenario 3 quantifies trade-offs that could be tapped when halting the trend towards heavier and more powerful cars.

3. Results {#sec3}
==========

3.1. Vehicle attributes and regression analysis {#sec3.1}
-----------------------------------------------

Vehicle mass (mean ± standard deviation) has increased by 66% from 860 ± 40 kg for model variants sold until 1980 to 1430 ± 60 kg for model variants sold after 2012 ([Fig. 2](#fig2){ref-type="fig"}a). In the same period, vehicle power has more than doubled from 44 ± 10 kW to 110 ± 33 kW and front area has increased by 22% from 2.22 ± 0.04 m^2^ to 2.71 ± 0.06 m^2^ ([Fig. 2](#fig2){ref-type="fig"}b--c). Despite this trend, the average fuel consumption of all model variants included in our analysis decreased by 22% from 8.7 ± 1.6 l/100 km to 6.7 ± 1.4 l/100 km and CO~2~ emissions decreased by 18% from 203 ± 37 g/km to 166 ± 28 g/km ([Fig. 2](#fig2){ref-type="fig"}d--e). The discrepancy in the percent decrease between fuel consumption and CO~2~ emissions can be explained by the increasing share of diesel cars in our data sample for recent years. Considered separately, the fuel consumption and CO~2~ emissions of gasoline cars has decreased by 14% (from 8.9 ± 1.5 l/100 km and 206 ± 35 g/km for model variants sold before 1980 to 7.6 ± 1.4 l/100 km and 176 ± 33 g/km for model variants introduced to the market after 2012 and sold until the point of this writing in 2018).Fig. 2Time series of mass (a), power (b), front area (c), on-road fuel consumption (d), and on-road CO~2~ emissions (e) of model variants; shaded areas represent the 95%-confidence interval of the regression lines; the small discrepancies between the scatter plots in [Fig. 2](#fig2){ref-type="fig"}d and e are due to different CO~2~ emissions factors of gasoline and diesel fuels; data sources: [@bib49], [@bib35],[@bib36], [@bib46], [@bib60].Fig. 2

By contrast, the fuel consumption and CO~2~ emissions of diesel cars has increased in the same period by 9% (from 5.4 ± 0.2 l/100 km and 142 ± 5 g/km to 5.9 ± 0.6 l/100 km and 155 ± 16 g/km; [Figure A1](#appsec1){ref-type="sec"} in the appendix). The trends observed for the three compact cars are generally confirmed by the sensitivity analysis for a larger group of small, compact, and medium-size passenger cars (see [Figs. S3 and S4](#appsec2) in the Supplementary Material). A noteworthy exception concerns the fuel consumption of diesel cars that has decreased on average over all models covered in the sensitivity analysis ([Fig. S4](#appsec2) in the Supplementary Material).

If fuel consumption has decreased while both mass and power of vehicles have increased, powertrain efficiency must have been improving, and parts of it, must have been traded off. The magnitude of efficiency trade-offs can be estimated through regression analysis. Applying a simple bivariate linear regression model suggests vehicle mass alone can explain only 4% of changes in the fuel consumption of gasoline cars and it is statistically insignificant (at 5% level) for the fuel consumption of diesel cars ([Table 1](#tbl1){ref-type="table"}; [Fig. 3](#fig3){ref-type="fig"}; [Figure A2](#appsec1){ref-type="sec"} in the Appendix). Vehicle power can explain 9% and 6% of changes in the fuel consumption of gasoline and diesel cars, respectively. Front area can explain 3% of changes in the fuel consumption of gasoline cars but is statistically insignificant with respect to the fuel consumption of diesel cars (see also [Fig. S12](#appsec2) in the Supplementary Material). Taken together, the variables vehicle mass, power, front area, and the year of market introduction can explain 36% and 13% of changes in the fuel consumption of gasoline and diesel cars, respectively. The predictive power of the multiple linear regression model is relatively low, potentially owing to the generic data for vehicle mass and front area that distinguish between model generations but not individual model variants.Table 1Regression coefficients and summary statistics of the linear regression models.Table 1VehicleCoefficientsEstimateStandard error*t* valuePr (\>abs *t*)*p* valueAdjusted *R*-squaredEquation [(1)](#fd1){ref-type="disp-formula"}*: On-road fuel consumption* = *α*~*1*~ + *β*~*1*~*mass*GasolineIntercept9.490.2341.54\<0.001\<0.0010.04Mass−0.0010.0002−6.00\<0.001DieselIntercept6.060.2425.53\<0.0010.88−0.002Mass2.74e-51.82e-40.150.881Equation [(1)](#fd1){ref-type="disp-formula"}*: On-road CO*~*2*~*emissions* = *α*~*1*~ + *β*~*1*~*mass*GasolineIntercept221.25.3241.54\<0.001\<0.0010.04Mass−0.0284.65e-3−6.00\<0.001DieselIntercept159.86.2625.53\<0.0010.88−0.002Mass7.23e-44.81e-30.150.881Equation [(2)](#fd2){ref-type="disp-formula"}*: On-road fuel consumption* = *α*~*2*~ + *β*~*2*~*power*GasolineIntercept7.220.13254.91\<0.001\<0.0010.09Power0.0121.57e-37.42\<0.001DieselIntercept5.420.11049.11\<0.001\<0.0010.06Power0.0091.27e-36.64\<0.001Equation [(2)](#fd2){ref-type="disp-formula"}*: On-road CO*~*2*~*emissions* = *α*~*2*~ + *β*~*2*~*power*GasolineIntercept168.33.0754.91\<0.001\<0.0010.09Power0.2710.047.42\<0.001DieselIntercept143.22.9249.11\<0.001\<0.0010.06Power0.2230.036.64\<0.001Equation [(3)](#fd3){ref-type="disp-formula"}*: On-road fuel consumption* = *α*~*3*~ + *β*~*3*~*front area*GasolineIntercept11.240.6417.64\<0.001\<0.0010.03Front area−1.250.26−4.85\<0.001DieselIntercept5.840.599.92\<0.0010.666−0.002Front area0.100.230.430.667Equation [(3)](#fd3){ref-type="disp-formula"}*: On-road CO*~*2*~*emissions* = *α*~*3*~ + *β*~*3*~*front area*GasolineIntercept261.814.8517.64\<0.001\<0.0010.03Front area−29.15.99−4.85\<0.001DieselIntercept154.115.549.92\<0.0010.666−0.002Front area2.575.940.430.666Equation [(4)](#fd4){ref-type="disp-formula"}*: On-road fuel consumption* = *α*~*4*~ + *β*~*4*~*mass* + *β*~*5*~*power* + *β*~*6*~*front area* + *β*~*7*~*year*GasolineIntercept179.318.89.53\<0.001\<0.0010.36Mass−2.20e-45.45e-4−0.400.687Power0.0331.23e-326.81\<0.001Front area−0.530.62−0.850.398Year−0.0879.75e-3−8.87\<0.001DieselIntercept60.118.93.180.002\<0.0010.13Mass4.60e-54.71e-40.100.922Power0.0190.0029.88\<0.001Front area−0.680.56−1.220.223Year−0.0279.78e-3−2.750.006Equation [(4)](#fd4){ref-type="disp-formula"}: *On-road CO*~*2*~*emissions* = *α*~*4*~ + *β*~*4*~*mass* + *β*~*5*~*power* + *β*~*6*~*front area* + *β*~*7*~*year*GasolineIntercept389537810.3\<0.001\<0.0010.36Mass−0.020.01−1.970.049Power0.600.0319.5\<0.001Front area50.116.23.090.002Year−1.930.20−9.68\<0.001DieselIntercept15874993.180.002\<0.0010.13Mass1.21e-30.010.100.922Power0.510.059.88\<0.001Front area−18.114.80−1.220.223Year−0.710.26−2.740.006Fig. 3On-road CO~2~ emissions of gasoline and diesel model variants as a function of vehicle mass (a), power (b), and front area (c); shaded areas represent the 95%-confidence interval of the regression lines.Fig. 3

The coefficients for vehicle mass and front area in the multiple regression analysis are insignificant at a level of 0.05 ([Table 1](#tbl1){ref-type="table"}). However, the coefficients for power and year are significant and suggest that statistically:•each 10 kW increase in engine power has increased the fuel consumption and CO~2~ emissions of gasoline cars by 0.33 ± 0.01 l/100 km and 6.0 ± 0.3 g/km and of diesel cars by 0.19 ± 0.02 l/100 km and 5.1 ± 0.5 g/km;•each decade has achieved technical efficiency improvements that decreased the fuel consumption and CO~2~ emissions of gasoline cars by 0.87 ± 0.10 l/100 km and 19.3 ± 2.0 g/km and of diesel cars by 0.27 ± 0.10 l/100 km and 7.1 ± 2.6 g/km ([Table 1](#tbl1){ref-type="table"}).

When applying a multiple linear regression model to the 700 model variants included in the sensitivity analysis, vehicle mass, power, and year of market introduction together can explain 68% and 72% of the fuel consumption and CO~2~ emissions of gasoline and diesel cars, respectively. All regression coefficients are significant at a level of 0.05 (see [Table S2](#appsec2) and [Figs. S5 and S6](#appsec2) in the Supplementary Material), suggesting that statistically:•each 100 kg increase in vehicle mass has decreased the fuel consumption and CO~2~ emissions of gasoline cars by 0.13 ± 0.03 l/100 km and 2.0 ± 0.8 g/km but increases the fuel consumption and CO~2~ emissions of diesel cars by 0.20 ± 0.05 l/100 km and 5.3 ± 1.4 g/km;•each 10 kW increase in engine power has increased the fuel consumption and CO~2~ emissions of gasoline cars by 0.33 ± 0.01 l/100 km and 6.5 ± 0.3 g/km and of diesel cars by 0.34 ± 0.02 l/100 km and 9.1 ± 0.5 g/km;•each decade has achieved technical efficiency improvements that decreased the fuel consumption and CO~2~ emissions of gasoline cars by 1.00 ± 0.06 l/100 km and 22.2 ± 1.4 g/km and of diesel cars by 1.18 ± 0.10 l/100 km and 31.2 ± 2.6 g/km ([Table S2](#appsec2) in the Supplementary Material).

The observed efficiency improvements have been related to the introduction of fuel-saving technologies such as direct fuel injection, turbo charging, start-stop systems, or direct transmissions in both gasoline and diesel models (e.g., [@bib38]; [@bib41]; [@bib43]; [@bib63]).

3.2. Efficiency trade-offs and related CO~2~ emissions {#sec3.2}
------------------------------------------------------

The multiple regression analysis suggests that the fuel consumption and CO~2~ emissions of compact gasoline cars could have decreased between 1980 and 2018 by 23% to 6.6 ± 0.7 l/100 km and 154 ± 17 g/km instead of the statistically observed 7.6 ± 0.1 l/100 km and 178 ± 3 g/km had vehicle mass, power, and front area remained at 1980 levels ([Fig. 4](#fig4){ref-type="fig"}). Likewise, efficiency improvements could have decreased the fuel consumption and CO~2~ emissions of compact diesel cars between 1980 and 2018 by 24% to 4.6 ± 1.1 l/100 km and 121 ± 29 g/km instead of the statistically observed 6.1 ± 0.1 l/100 km and 161 ± 3 g/km had their mass, power, and front area remained at 1980 levels. The efficiency traded off between 1980 and 2018 thus amount to 1.0 ± 0.9 l/100 km and 24 ± 21 g CO~2~/km for gasoline cars and 1.5 ± 1.2 l/100 km and 40 ± 32 g CO~2~/km for diesel cars. Trade-offs account for 13% and 25% of the actual fuel consumption of gasoline and diesel cars, respectively in 2018. Overall, these findings suggest that 51% and 102% of the technical efficiency improvements in gasoline and diesel cars did not yield a decrease in fuel consumption but have been absorbed by changes in the other vehicle attributes.Fig. 4Fuel consumption (a) and CO~2~ emissions (b) as observed and projected for gasoline and diesel model variants of the three compact cars, assuming past trends persist (orange line), mass and power were kept at 1980 levels (blue line), and mass and power can be kept at 2018 levels (green line); shaded areas represent the 95%-confidence interval of the regression lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

If trends persist, efficiency trade-offs (since 1980) may increase until 2030 to 1.3 ± 1.2 l/100 km and 31 ± 28 g/km for gasoline cars and 2.0 ± 1.6 l/100 km and 52 ± 43 g/km for diesel cars. By then, trade-offs would account for 18% and 33% of the actual fuel consumption of gasoline and diesel cars, respectively. If mass, power, and front area would not increase further but remained at 2018 levels, still fuel and CO~2~ emission savings of 0.3 ± 0.5 l/100 km and 8 ± 12 g/km for gasoline cars and 0.5 ± 0.6 l/100 km and 13 ± 16 g/km for diesel cars could be realized by 2030 compared to a business-as-usual scenario ([Fig. 4](#fig4){ref-type="fig"}).

The sensitivity analysis suggests even larger efficiency trade-offs. The fuel consumption and CO~2~ emissions of gasoline cars in the sample could have decreased between 1980 and 2018 by 41% to a level of 5.2 ± 0.3 l/100 km and 122 ± 6 g/km instead of the observed 7.1 ± 0.2 l/100 km and 166 ± 4 g/km had the vehicle mass and power remained at 1980 levels (see [Fig. S7](#appsec2) in the Supplementary Material). Likewise, the fuel consumption and CO~2~ emissions of diesel cars could have decreased by 55% to a level of 3.7 ± 0.3 l/100 km and 98 ± 9 g/km instead of the observed 6.3 ± 0.3 l/100 km and 167 ± 7 g/km if mass and power had remained at 1980 levels. The efficiency trade-offs thus amount to 1.9 ± 0.4 l/100 km and 44 ± 10 g/km for gasoline cars and even 2.6 ± 0.6 l/100 km and 69 ± 16 g/km for diesel cars. These trade-offs account for 27% and 41% of the actual fuel consumption of gasoline and diesel cars, respectively, in 2018. Taken together, the sensitivity analysis suggest that 48% and 42% of the technical efficiency improvements in gasoline and diesel cars did not decrease fuel consumption but were offset by other vehicle attributes.

The trade-offs may increase by 2030 to 2.5 ± 0.7 l/100 km and 58 ± 15 g/km for gasoline cars and 3.4 ± 1.0 l/100 km and 90 ± 26 g/km for diesel cars, if trends persist. By then, they would account for 38% and 60% of the actual fuel consumption of gasoline and diesel cars, respectively. If mass and power remained at 2018 levels and powertrain efficiency continues to increase as in the past, savings of 0.6 ± 0.6 l/100 km and 14 ± 13 g/km for gasoline cars and 0.8 ± 0.9 l/100 km and 22 ± 24 g/km for diesel cars could materialize until 2030 compared to a business-as-usual scenario ([Fig. S7](#appsec2)).

4. Discussion {#sec4}
=============

4.1. Strengths and limitations {#sec4.1}
------------------------------

This article applies a simple linear regression analysis to test how vehicle attributes such as mass and power affect the fuel consumption of three popular compact car models. The results reveal considerable efficiency trade-offs that may not be neglected if climate policy is to mitigate CO~2~ emissions of the transport sector. Our research is novel in that it uses real-world fuel consumption data instead of data from vehicle certification. This aspect is important for Europe where certified and actual on-road fuel consumption have been gradually diverging by up to a difference of 42% on average in 2016 ([@bib24]). We consider our findings robust, albeit subject to the following limitations.

First, the fuel consumption data of [@bib49] reflect vehicle use in Germany but not necessarily in other countries; they may also not capture the specific operating conditions of any German driver. We apply a plausibility check of the collected fuel consumption data and decided to include in the analysis also model variants with fewer than 10 data points. This approach allows covering models registered before 1980 for which data samples are small, but it may lead to biases when individual data points deviate systematically from the average fuel consumption of model variants.

Second, given resource limitations, we collected generic data on vehicle mass and front area for each model generation. This approach introduces a random error into our analysis and it decreases the explanatory power of the fitted regression models. The comparatively high coefficients of determination obtained in the sensitivity analysis - which uses accurate mass data for each model variant - supports this argument.

Third, our projections assume that past trends in mass, power, and efficiency persist until 2030. This assumption is subject to considerable uncertainty as innovative technologies such as hybridized and electric power trains do not only alter mass, power, and efficiency trends but break the physical link between these parameters and the CO~2~ emissions of cars.

Fourth, our analysis considers model variants offered on the market but neither vehicles sales nor actual driving distances. It is limited to three compact car models and, in case of the sensitivity analysis, 700 variants of small, compact, and mide-size cars. The analysis does therefore not capture market-wide trends such as the boom of SUVs and high-power sport limousines in recent years. We expect that our findings are indicative of efficiency trade-offs in compact cars but they may -- due to a potential composition bias in the data sample - underestimate efficiency trade-offs in the entire passenger car fleet. In view of long-term income trends and the recent SUV boom, we would expect trade-offs close to or even higher than 100% for the passenger car fleet in the EU. The findings of [@bib37] for passenger cars and light trucks sold in the U.S. indeed suggest efficiency trade-offs of 75% in the period between 1980 and 2006 that are between those observed here for gasoline and diesel cars. Future analysis should seek to capture: (i) all car registrations in the European Union and other important vehicle markets and (ii) the actual driving distance of vehicles.

4.2. Policy implications {#sec4.2}
------------------------

Our findings suggest that at least half of the technical efficiency improvements in the three compact cars did not decrease fuel consumption and CO~2~ emissions but was absorbed by other vehicle attributes. In compact diesel cars, the trend towards heavier and more powerful vehicles has absorbed all technical efficiency improvements. This finding is consistent with [@bib23] who argued that there has been no decrease in the actual fuel consumption of newly registered diesel and gasoline cars in the European Union since 2001 and 2011, respectively owing to an increase in the mass and power of vehicles.

In view of these observations, should we then abandon the current policies of promoting vehicle efficiency? We do not think so. First, increasing powertrain efficiency allowed consumers to enjoy higher vehicle utility without paying more for fuel. Second, efficiency improvements have arguably increased the resilience of passenger road transport to volatile oil prices. And third, the past and present policies have forced innovations that just to date begin transforming the passenger car market. As the pervasive market penetration of fully-electric and plug-in hybrid cars suggests, tightening the 95 g CO~2~/km emissions target for 2021 by 15% until 2025 and 37.5% until 2030, respectively as required by Regulation (EU) 2019/631 ([@bib2a]) could indeed force a rapid market transformation towards zero-emission vehicles.

Still, it is for the trade-offs observed in this paper that economists are skeptical about efficiency improvements as the sole measure to decrease the energy use and CO~2~ emissions of the economy (e.g., [@bib11]; [@bib3], [@bib4]; [@bib55]). We therefore think that the CO~2~ emissions from passenger cars could be decreased more effectively if efficiency trade-offs are accounted for. In fact, the rate of past efficiency improvements and the rapid cost decline of electric and plug-in hybrid vehicles ([@bib58]) suggest that policies may need little more than halting the trend towards heavier and more powerful passenger cars to achieve the envisioned cut in transport-related greenhouse gas emissions ([@bib1a]).

To this end, the fleet-average CO~2~ emissions standard defined in Regulation 2019/631 ([@bib2a]) could be complemented by policies that incentivize a decrease in vehicle mass and, subsequently, power. As the regulation essentially targets fuel efficiency normalized by vehicle mass, it is hardly beneficial for manufacturers to decrease the mass of their vehicles because any such decrease would correspond to a more stringent CO~2~ emissions target. However, removing mass as a functional unit from the fleet-average CO~2~ emissions target could limit mass-related, and implicitly power-related, efficiency trade-offs. Such a measure would also relax a constraint on the automotive industry that could achieve future targets - in spite of the challenges to further improve the efficiency of internal combustion engines ([@bib2]) - by decreasing vehicle mass. Although our analysis reveals only a weak statistical relationship between mass and fuel consumption, there is a direct physical link between the mass of an object, the energy necessary to accelerate it, and the power required to achieve a certain acceleration. [@bib44] suggest some 15--20% of vehicle mass can be reduced at no additional costs. In case policy stakeholders insist on keeping vehicle utility as part of the CO~2~ emissions target, a suitable parameter should: (i) show little relationship with fuel consumption and (ii) represent vehicle utility in a more meaningful manner than vehicle mass. The footprint (i.e., the product of vehicle length and width) could be such a parameter ([@bib25]).

Moreover, the fleet-average CO~2~ emissions target could be complemented by fuel and CO~2~ taxes or a cap-and-trade system for CO~2~ emissions to curb efficiency trade-offs in passenger cars. The higher efficiency trade-offs for diesel cars than for gasoline cars may be explained in part by the lower taxes on diesel fuel as compared to gasoline in Germany. Removing this implicit subsidy for diesel fuel and implementing tax rates that match incremental efficiency improvements, would absorb all trade-offs and other economy-wide rebound effects at no additional costs for consumers.

Three final considerations: First, if future research can substantiate large efficiency trade-offs for the entire diesel car fleet, then the European diesel boom may have predominantly enabled consumers to drive larger and more powerful cars, whereas its CO~2~ emission benefits remain questionable. Moreover, diesel cars tend to emit black carbon in case the particle filter is removed or damaged in the final years of their life cycle, which enhances radiative forcing. [@bib22] concluded that if just a third of all diesel cars drive a third of their life time without a particle filter (which seems to be plausible in Southern and Eastern Europe, where cars are on average older than in Northern and Central Europe ([@bib3a])), the average on-road greenhouse gas emissions along the life cycle of diesel cars would increase by 8 g CO~2~-equivalents/km.

Second, our data do not only reveal a trend towards heavier and more powerful vehicles but also suggest that the value range of attributes between the least and most powerful vehicles increases. This observation implies that next to the expected impairment of road safety due to heavier vehicles, also driving conditions such as acceleration and speed may increasingly vary between road users, which in turn may increase the risk of accidents.

Third, we observe that decreasing mass and power directly reduces the distance-specific energy consumption of vehicles. This finding suggests merits of an overall down-sizing of passenger vehicles. Policy makers should therefore consider supporting: (i) bicycles as well as e-bikes, e-scooters, and other light electric vehicles that exhibit zero tail-pipe emissions, require less road space than passenger cars, and offer a wealth of other benefits to citizens ([@bib21]; [@bib57]; [@bib29]).

5. Conclusions {#sec5}
==============

This article quantifies efficiency trade-offs in three compact cars sold in Germany. The following conclusions can be drawn:•The mass, power, and front area of the three compact cars increased between 1980 and 2018, and absorbed 51% and 102% of the technical efficiency improvements in gasoline and diesel model variants, respectively. The corresponding efficiency trade-offs amount to 24 g CO~2~/km for gasoline cars and 40 g CO~2~/km for diesel cars. This observation suggests the CO~2~ emissions of new gasoline and diesel models could be 13% and 25%, respectively below current levels had their mass, power, and front area remained as in 1980.•A sensitivity analysis with a complementary data sample comprising small, compact, and mid-size cars confirms substantial efficiency trade-offs, suggesting 48% and 42% of the technical efficiency improvements in gasoline and diesel cars have been offset by increases in vehicle mass and power.•Climate policy can become more effective by accounting for the observed efficiency trade-offs. To this end, policy makers could reconsider vehicle mass as a functional unit for the fleet-average CO~2~ emissions target. Large parts of the efficiency trade-offs could be tapped at low costs for consumers by increasing fuel taxes at the rate of technical efficiency improvements.•Our results do not account for actual vehicle registrations and provide therefore only a rough approximation of the efficiency trade-offs in the entire passenger car fleet. In view of the recent SUV boom, we expect our findings to underestimate the fleet-wide efficiency trade-offs. Future research could verify this point by analyzing a comprehensive data set for the entire German or European passenger car fleet.•The identified efficiency trade-offs point in general to large energy and CO~2~ saving potentials from a decrease in the mass and power of road vehicles. Climate policy could support the deployment of small and light-weight (electric) two-to-four wheelers to address the persisting sustainability shortfalls of urban transport.

Appendix {#appsec3}
========

Fig. A1Time series of on-road CO2 emissions of gasoline (a) and diesel (b) model variants; shaded areas represent the 95%-confidence interval of the regression lines; the trend in fuel consumption follows analogously; data source: [@bib49].Fig. A1Fig. A2On-road fuel consumption of gasoline and diesel model variants as a function of vehicle mass (a), power (b), and front area (c); shaded areas represent the 95%-confidence interval of the regression lines; the trends depicted here are identical with those for CO~2~ emissions in [Fig. 3](#fig3){ref-type="fig"}.Fig. A2

Appendix A. Supplementary data {#appsec1}
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The following is the Supplementary data to this article:Multimedia component 1Multimedia component 1Multimedia component 2Multimedia component 2Multimedia component 3Multimedia component 3Multimedia component 4Multimedia component 4Multimedia component 1Multimedia component 5
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